Stormwater management in tropical countries poses specific problems that have to consider local conditions and particularities. Obviously, with the significant amounts of annual rainfall that are observed in these areas, flooding can be important and flow quantity control is the main objective that a stormwater management plan will usually focus on in the first place. The development of such a plan can however get more complex and difficult for a number of reasons, including the climate and the rainfall patterns, the presence of debris and abundant vegetation, the complex and often unknown configuration of the sewer and canal networks which have limited capacities when compared to the runoff produced during the rainy season. Institutional aspects are also an important part of the equation and they have to be looked at and modified appropriately to ensure that the proposed interventions are properly implemented.
Stormwater management in tropical countries poses specific problems that have to consider local conditions and particularities. Obviously, with the significant amounts of annual rainfall that are observed in these areas, flooding can be important and flow quantity control is the main objective that a stormwater management plan will usually focus on in the first place. The development of such a plan can however get more complex and difficult for a number of reasons, including the climate and the rainfall patterns, the presence of debris and abundant vegetation, the complex and often unknown configuration of the sewer and canal networks which have limited capacities when compared to the runoff produced during the rainy season. Institutional aspects are also an important part of the equation and they have to be looked at and modified appropriately to ensure that the proposed interventions are properly implemented.
This chapter first describes the general context prevailing in tropical countries regarding stormwater management. Specific elements to be considered are then discussed, highlighting the particularities which often prevent the approaches used in temperate climate for stormwater management to be applied without adjustments in tropical areas. Finally, as an illustration of some of the points discussed, technical analyses and specific results are presented for the City of San José in Costa Rica.
General Context
The tropic is the region located between the tropic of Cancer and tropic of Capricorn (23" 27' N and 23"27 ' S of the equator). As shown on Figure 3 .1, this area includes in particular the Caribbean, Central America, the northern part of South America, a significant portion of Africa, southern parts of Asia and the northern areas of Australia. Significant differences can be observed in climatic and socio-economic conditions of these countries but, typically, rainfall quantities are important for many months a year and many can be classified as developing countries. Humid tropics regions are located near the equator, where a wet climate is observed for more than seven months a year, with an annual rainfall larger than 2000 mm and a high mean temperature throughout the year . Sub-humid regions are characterized by a wet season of four to seven months a year with rainfall larger than evapotranspiration. Following the Köppen Climate Classification System (1918), tropical moist climates (type A) have average temperatures for all months greater than 18 degrees Celcius. Three minor Köppen climate types exist in the A group and their designation is based on seasonal distribution of rainfall. Af or tropical wet is a tropical climate where precipitation occurs all year long. Monthly temperature variations in this climate are less than 3 degrees Celsius. Because of intense surface heating and high humidity cumulus and cumulonimbus clouds form early in the afternoons almost every day. Daily highs are about 32 o C while night time temperatures average 22 o C. Am is a tropical monsoon climate where annual rainfall is equal to or greater than Af, but falls in the seven to nine hottest months; very little rainfall occurs during the dry season. Finally, the tropical wet and dry or savanna (Aw) has an extended dry season during winter. Precipitation during the wet season is usually less than 1000 millimeters and only during the summer season.
Although a large percentage of the population still lives in rural areas in Africa and Asia, the tropical area includes very large cities like Mumbai (India), Mexico City or Djakarta (Indonesia) and there is indication that a large proportion of the population increase will be concentrated in developing countries in the years to come.
Most of these countries face many water related problems and water supply or adequate sanitation are either of insufficient capacity or are totally lacking. Although urban drainage and flooding are sometimes thought to be less important than water supply or sanitation, it is recognized that these systems are all inter-related in a dense urban area and that frequent and long duration flooding can have a negative and noticeable impact on potable water and overall environmental conditions. Many diseases in the tropics are related to water supply, sanitation and inadequate drainage (Wright, 1997; : diarrhea, cholera, malaria, dengue and leptospirosis. As shown in Table 3 .1, there is a sharp contrast in the urban water facilities available in developed and developing countries.
As pointed out by Silveira (2001) , the practice of urban drainage in developing countries is typically more complex than in developed countries as it is subject to more difficult socio-economic, technological and climatic conditions. At the heart of the problem is an urban development without planned drainage, with its typical associated increase on flood frequency and degradation due to erosion and sedimentation. Some of the reasons explaining the lack or absence of adequate planning are:
• urban development occurs too fast and unpredictably;
• periurban areas are often urbanized without taking into account the city regulations (unregulated developments, invasion of public areas); • periurban and risk areas (flood plains and hill side slope areas) are occupied by low income population; • lack of funds for planning activities; and • lack of proper institutional organization (lack of information, guidelines, regulations and law enforcement) Many problems associated with the operation of stormwater drainage systems in tropical countries are also linked to poor solid waste management. The municipal agencies responsible typically lack sufficient resources and equipment for drain cleaning, and there is often a lack of environmental education so the population consider the urban creeks as disposal sites. Figure 3 .2 shows the volume of sediments and litter can get important and directly impacts on the proper functioning of the stormwater systems. Good information on urban litter management for urban drainage systems is provided in a number of South African documents (Armitage et al., 1998; Armitage, 2001; . The following sections will give a more detailed discussion for specific elements pertaining to urban drainage in the tropics, namely the socioeconomic aspects, the climatic conditions, sediments and debris, urban planning and stormwater control policies, and, finally, adapted solutions and design criteria. Table 3 .2, reproduced from Silveira et al. (2001) , summarizes the socioeconomic factors that may have an influence on urban drainage practices, highlighting the differences between developing and developed countries.
Specific Elements

Socio-Economic Factors
The uncontrolled urban spread and the lack of urban drainage planning for control of runoff, combined with higher rainfall and a generally higher degree of imperviousness in urban areas, imply that humid tropics will require larger storm drainage as compared with a more temperate climate observed in many developed countries. The significant contamination of stormwater runoff will also make it difficult to implement surface dry ponds to control runoff and underground storage will often be more appropriate (which is, unfortunately, more expensive for a given volume). The large quantities of litter will also prevent the use of conventional structural solutions used in developed countries and adapted approaches must therefore be sought as some of the solutions currently applied in temperate climate will simply not work in the humid tropics. 
Climate
The main climatic factors affecting urban drainage systems in the tropics are highlighted in Table 3 .3. Convective rainfall is more frequent in tropical regions, with high intensity and short duration in time, covering small areas. It is also common to have long periods of rain, resulting in flooding in the streets. To put the rainfall intensities and quantities in perspective, Table 3 .4 compares rainfall information for different cities located in humid tropics or sub-tropical regions and others in more temperate climate. Moreover, the Intensity-Duration-Frequency (IDF) curve for the 1 in 2 y return period for San José (Costa Rica) has been drawn on top of the IDF curves for Montréal (Québec) on Figure 3.3; as can be seen from the curves, for a duration of 1 h, the 1 in 2 y value for San José is approximately the same as the 1 in 50 y value for Montréal. Clearly, this implies higher costs for the same risk level of drainage control. The higher peak intensities and runoff volumes therefore often produce situations like the one depicted in Figure 3 .4, where streets can get heavily flooded and where additional important design elements are the quantities, velocities and depths of water flowing in the major drainage system. As pointed out by , the options are: (i) learn to live with floods, (ii) structural protection with dikes (expensive), or (iii) use a lower return period in the humid tropics. This aspect will be further discussed in section 3.2.5.
One problem often encountered for hydrological analyses in tropical countries is the lack or inadequacy of basic rainfall information. Typically, the IDF information is not complete and it therefore becomes necessary to use approximate methods to derive the missing pieces of data. In many instances, only the 24 h rainfall quantities are available; in some other cases, an IDF curve is available only for a given return period.
Different studies completed during the last 40 years can provide a basis to derive complete IDF information from inadequate data (Hersfield, Weiss and Wilson, 1955; Bell, 1969; Hersfield, 1961; Hershfield, 1962; Reich, B.M., 1963; Goswani, A.C., 1973; Hargreaves, G.H., 1988; Calenda et al., 1993) . As discussed by Puyol (1984) who analyzed data for the Valley of Mexico, the different ratios derived in these studies could be applied in tropical regions. Two classes of problems can be encountered : (i) evaluation of rainfall data for different durations, when only the information for one duration is available, and (ii) evaluation of the rainfall quantities for different return periods. For the first type of problems, it appears that there is less incertitude scaling down from 24 h duration to 6 or 1 h, than from 1 h to shorter durations. Hershfield (1962) mapped the ratios of 1 h and 6 h to 24 h ratios for a return period of 2 y. The 1 h ratio varies from 10% to 60%, with an average of 40%. The 6 h ratio varies from 50% to more than 80%, with an average of 70%. Puyol (1984) derived the values in Table 3 .5, where it can also be seen that there is a larger variation than for shorter durations. He suggested that a possible explanation could be that the maximum precipitations are caused by different mechanisms, the convective, isolated storms being more associated with short duration rainfalls whereas longer duration rainfalls might tend to be more associated with cyclonic precipitation. Goswani (1973) used for example a ratio of 43.5% for the ratio of 1 h to 24 h to derive some IDF curve information in India. Table 3 .5 Adjustment ratios for different durations, with a 24 h duration as a reference (Puyol, 1984 (Puyol, 1984; Bell, 1969 (adapted) Bell (1969) reported that the ratios to the 1 h duration varied relatively little througout the United States and evaluated also the ratio of the 1 h duration to the 2 h duration. The 5 min, 10 min, 15 min, 30 min and 120 min rainfalls have been found to have ratios of 0.29, 0.45, 0.57, 0.79 and 1.25 to the 1 h duration. An evaluation for Australia (Bell, 1969) also showed that these ratios did not vary much for this country. Using as a reference the 30 minutes duration (instead of the 1 h duration) and using information from Bell (1969) and rainfall analyses in Cuba and for the Valley of Mexico, Puyol (1984) has produced the values reproduced in Table 3 .6.
For the relationships for different return periods, Bell (1969) produced data for the United States and Australia, which are given in Table 3 .7. The values in the table use the 1 in 10 y return period as a denominator; values reported by Puyol (1984) for Cuba and the Valley of Mexico, which used the 1 in 5 y return period as a denominator, have been corrected to get ratios considering the 1 in 10 y return period.
As can be seen in the table, the ratios obtained with the 1 in 10 y return period show a remarkabe similarity for different parts of the world. Bell (1969) also tried using the 1 in 2 y return period as a base and obtained a variability considerably larger (for the US stations) than when he used the 1 in 10 y return period. Also, there seems to be less variation in the ratios for return periods under 1 in 10 y than over; a possible explanation could be that rarer events (return period higher than 1 in 10 y) are most closely associated with convective cell activity, whereas more frequent rainfall could be associated with other types of storm mechanisms. Table 3 .7 Adjustment ratios for different return period, using the 10 year value as the denominator (Bell, 1969; Puyol, 1984 (adapted) Another possibility to derive missing information is to use the equations provided by Hargreaves (1988) for Africa and other developing regions. With this approach, it is assumed that the basic equation relating the rainfall amounts D to the duration t in hours and the return period T (in years) is:
and that the parameter K could be evaluated by the following equation:
where P05 is the 20-y return period monthly values (mm/month). Table 3 .8 provides estimated values for the parameter KP for various locations around the world; Hargreaves (1988) noted that the variability of KP could be partly explained by local topography and the type of climate.
Other studies that may be helpful to complete the rainfall data series include the analyses for rainfall disaggregation, by which we could use monthly or daily precipation to obtain short-scale rainfall (Ormsbee, 1989; Wendling and James, 2003; Burian and Durrans, 2002) . Finally, another approach to increase the quality and quantity of rainfall information that could be investigated would be to maximize the use of radar in regions where it is available. (Hargreaves, 1988) . 
Debris and Sediments
One of the main causes of flooding in tropical and, more specifically, in developing countries, is the decreased hydraulic capacity of the canals and conduits by the accumulation of litter and debris. Litter also seriously interferes with aquatic life in the receiving streams, rivers, lakes and ocean . In an extensive study in South Africa, have reported that plastics are frequently the biggest problem, with paper being the second type of litter most encountered. The rate and composition of litter have been found to depend on many factors, including ) the type and density of development, income level of the community, type of industry, rainfall patterns, types of vegetation, efficiency and effectiveness of refuse removal, level of environmental concern in the community and extent of legislation.
Litter can be considered a social behavioural problem and solutions must be approached with a mix of technical and social issues requiring a multidisciplinary and not merely a purely technical approach. suggested that the litter problem could not be addressed in an effective and sustainable manner without the implementation of integrated catchment-wide litter strategies. They grouped these strategies under three headings: planning controls (land-use planning and urban design), source controls (education and awareness, waste reduction, cleansing operations and law enforcement) and structural controls (litter traps and stormwater treatment). Good discussion on structural controls is provided in Armitage (2001) and Armitage et al. (1998) .
Erosion control and excess sediments are also potential causes of obstruction in urban drainage systems. Silveira (2001) mentioned sediment production for Belo Horizonte (Brazil) of the order of 2500 m 3 /km 2 /y; as a contrast, he compares this value with a value of 45 m 3 /km 2 /y given by Schueler (1987) (for data in the Washington D.C. (USA) area). Although this type of comparison could be misleading as there is a large number of variables that can affect erosion rates, the generally higher sediment production often observed in tropical areas is due in large part to the lack of soil protection during and after urban construction; obviously, this problem is also exacerbated with higher rainfall intensities and longer wet seasons.
Urban Planning and Stormwater Control Policies
Appropriate urban planning is often lacking in tropical countries, even though it is easy to realise that it is always cheaper for stormwater management in the long term to have a preventive approach rather than a corrective one (and it is also less complex to analyze and manage). Effective land use planning, emphasizing non-structural and source control measures, is the best approach but it is often not followed for a number of reasons. Unregulated developments and invasion of public areas or flood plains are one of the problems, as is the lack of institutional organization for urban drainage and the lack of technical support and know-how. Regulations are most often non-existent, and, where they do exist, they are not properly enforced; these regulations should however be adapted to the social and economic realities as the public will try to get around them for different reasons .
The lack of community participation in the search and implementation of solutions for urban drainage problems is also an obstacle to the success of runoff control measures, and it must be sought and encouraged. Public concern for environmental issues, stream preservation and litter management must be increased by different information sessions and programs.
Adapted Solutions and Design Criteria
The solutions for urban drainage in tropical or developing countries should meet the following conditions :
• they must be based on demand-driven planning instead of a supply drive approach (taking into account users needsWright, 1997); • they must be adapted to the climate and socio-economic conditions;
• they do not induce strong constraints for the population;
• they do not create new problems; and • they use local equipment and material and empower local technical people. For specific design criteria, some stormwater manuals and guidelines for tropical regions have been published in recent years DID, 2000; Queensland Government, 2002 ;) and they could be used to illustrate some particularities. Maybe the most evident difference with design criteria for temperate climate is the increased importance of the major drainage system, for which specific criteria must be defined. For example, the Malaysian Manual (DID, 2000) (which is based on the Australian practice for many aspects) recommends that the surface flow criteria should include four basic limits, as shown in Table 3 .9:
1. an overland flow velocity x depth limit, which governs the stability of vehicles and the ability of pedestrians to 'walk out' of flood flows; 2. a flow width limit; 3. a ponding depth limit; and 4. an ARI (Average Return Interval) limit, which is the probability/risk limit based on consideration of issues of immunity/damage from flooding, safety, construction costs and community costs and benefit. The other main difference is the level of service that could be provided by storage: given the much larger runoff volumes in tropical areas, it becomes often difficult or impossible to economically design for the 1/100 y return period and the design criteria is typically inferior to the value which is often assumed in temperate climates. Table 3 .10 gives an example of design criteria for storage, as used in Malaysia (DID, 2000) . Silveira et al. (2001) provide a good summary of the peculiarities of urban drainage control measures applied in tropical areas. Attention should be given to litter management at the control works and, due to high temperatures and potential development of mosquitoes, use of above-ground storage is usually limited (or, if it is used, detention times should be reduced). The next section will provide selected results for different analyses completed in San José, Costa Rica o C and 25 o C) and the average annual rainfall quantity is 1880 mm. The IDF (Intensity-DurationFrequency) curves, for which regression equations are given in Table 3 .11, were available for return periods of 2, 5 and 10 y and were fitted to data ranging from 5 min to 2 h duration. As a comparison, the IDF information for Limon, located on the coast (in a more humid area), is also given in Table 3 .11. The missing information to complete the IDF curves (return period of 1 in 25 to 1 to 100 y and durations from 3 h to 24 h) was derived using the ratios and approaches described in section 3.2.2. Design rainfall patterns were thereafter created to be used for modeling. For the urban areas and the associated sewer networks, it was suggested by the City representatives that a typical rainfall event that causes flooding during the wet season lasted for about 1 h and happened at the end of humid afternoons. Therefore, a Chicago design storm (Keifer and Chu, 1957 ) of 1 h duration was created for different return periods. To analyze the rivers, an SCS type II design storm of 24 h duration was developed for the analyses.
Besides the hydraulic behaviour of the main rivers crossing the city (which was studied at a larger scale), two areas that were frequently inundated were analyzed in more detail in order to develop interventions that could increase the level of service. In both areas, the surface flooding was important many times a year and, as shown on Figure 3 .5, could have significant impacts for the residents. In both cases, the existing sewer networks were complex, looped and in one case were affected by the water levels in the receiving waters. Modeling with PC-SWMM were completed to derive adapted solutions that included underground storage pipes (under the parks), parallel pipes for undersized reaches and additional outlets for the flows in the major systems at low points. The return period selected for the storage volumes and the overall level of service was 1 in 5 y.
The top photo in Figure 3 .5 is the low point located on the right of the photo at the bottom (low point 1 on Figure 3 .6). In this particular case, one of the proposed remedial measures was to install oversized pipes under the park that could serve as retention volumes for the accumulated water on the surface depicted in the top photo of Figure 3 .5. Figure 3 .6 shows in shaded area the portion of the catchment contributing runoff to the two low points; the arrows on the aerial photo indicate the flow direction for the major system. Figure 3 .7 is extracted from a PC-SWMM simulation and shows the sewer network around the park and the location of the oversized conduits that will serve as retention volumes under the park. An overflow structure on the existing network will get the runoff discharges partly diverted to the oversized pipes and a restricting pipe downstream will limit the discharges that are returned to the network. Specific design aids were also developed for grate inlet capacities and available storage volumes at low points, to facilitate the analysis of flows in the major system. The typical inlets in San José are composed of two grates combined with a curb inlet, as shown on Figure 3 .8. Using the approach described in FHWA (2001), inlet capacity curves were then derived for different cases; an example is provided in Figure 3 .9. The project also included training on software like PCSWMM and HEC-RAS to enable engineers of the Municipality to analyze other problems and define appropriate remedial measures. The technical personnel could appreciate the power of these tools to solve their problems and they now advise other municipalities in Central America on these issues. The implementation of the project was also supplemented by discussion and information meetings with the concerned San José residents, who could now better appreciate and comment on the solutions proposed.
Conclusions
Urban stormwater control measures for tropical countries have to take into account specific elements that prevent the direct use of approaches routinely used in temperate climates. Distinct climatic and socioeconomic conditions call for adapted and integrated solutions, which should specifically consider proper litter management, proliferation of vectors or carriers of tropical diseases and uncontrolled urban expansion. Increased community participation and environmental awareness, development and enforcement of regulations and technical capacity building at the municipal level are also important aspects that must be emphasized to integrate storm drainage in the general urban planning of tropical regions.
The project for San José, Costa Rica, completed from December 2002 to September 2004, was part of the Sustainable Cities Initiative Program (Industry Canada) in part funded by the Canadian International Development Agency (CIDA).
